Autophagy is a highly conserved intracellular catabolic pathway that degrades cellular long-lived proteins and organelles. Autophagy is normally activated in response to nutrient deprivation and other stresses as a cell survival mechanism. Accumulating evidence indicates that autophagy plays a critical role in liver pathophysiology, in addition to maintaining hepatic energy and nutrient balance. Alcohol consumption causes hepatic metabolic changes, oxidative stress, accumulation of lipid droplets and damaged mitochondria; all of these can be regulated by autophagy. This review summarizes the recent findings about the role and mechanisms of autophagy in alcoholic liver disease (ALD), and the possible intervention for treating ALD by modulating autophagy.
Introduction
Autophagy is a genetically programmed, evolutionarily conserved catabolic process that degrades cellular proteins and damaged and/or excess organelles, as a cell survival mechanism in response to stress. Almost 40 years ago, Drs de Duve and Wattiaux 1 first described autophagy based on the morphological changes observed as the cytoplasm is sequestered into closed, membrane-delimited vacuoles. The 'autophagy' described by Dr de Duve is most likely macroautophagy, which is the focus of this review. There are two other forms of autophagy called microautophagy and chaperone-mediated autophagy (CMA), which differs in how the cytoplasmic materials are delivered to the lysosome in mammalian cells. Microautophagy, which is poorly understood in mammalian cells, results in the direct uptake of cytoplasm by invagination of the sequestering lysosomal membrane. CMA differs from the other two autophagy processes in that only a particular group of cytosolic molecules are degraded in the lysosomes. These proteins possess a KFERQ motif that is recognized by a molecular chaperone complex. This chaperone complex includes a heat-shock protein of 70 kDa (hsp70) and its co-chaperones are present in the cytosol and on the lysosomal membrane where the complex binds to a CMA receptor, the lysosome-associated membrane protein type-2A (LAMP-2A). 2, 3 Among the three different modes of autophagy, macroautophagy (hereafter referred to as autophagy) is thought to play a major role in intracellular degradation.
Autophagy is activated in response to adverse environments, such as the deprivation of nutrients or growth factors, as a survival mechanism. 4 -7 It is a highly conserved intracellular degradation pathway by which bulk cytoplasm and superfluous or damaged organelles are enveloped by double membrane structures termed autophagosomes. 4 -7 The contents of the autophagosomes are degraded after fusion with lysosomes, which are then called autolysosomes. However, autophagy can also occur under basal conditions, which is called basal autophagy. In addition to its role in maintaining cellular homeostasis, autophagy also plays a role in development, 8 defending against microbial infections, 9 and clearance of misfolded proteins. Therefore, dysfunction of autophagy can lead to the pathogenesis of numerous human diseases, including cancer, neurodegenerative diseases, diabetes, infectious diseases and muscle atrophy. 10, 11 Alcohol consumption and abuse are major causes of liver disease, which is a major health problem in the USA. Alcohol binge drinking induces dramatic metabolic changes, mitochondrial damage, disruption of lipid homeostasis, oxidative stress and cell death in hepatocytes. All of these can be regulated by autophagy. In this review, we will summarize the emerging role of autophagy in alcoholic liver disease (ALD). mammalian homologs that participate in autophagy or an autophagy-related process. 12 Several multimolecular complexes have been found to contribute to autophagosome formation including (1) ULK1 protein-kinase complex; (2) VPS34-Beclin1 class III PI3-kinase complex; (3) Atg9-Atg2 -Atg18 complex; and (4) the Atg5 -Atg12 -Atg16 and Atg8/LC3 (microtubule-associated protein 1 light chain 3) conjugation systems (Figure 1) .
The ULK complex in mammalian cells is composed of ULK1 (which is a yeast Atg1 homolog), FIP200 (a yeast Atg17-like molecule), Atg13 and Atg101. 13 -15 This complex is mainly localized in the cytosol and associates with the autophagy isolation membrane upon autophagy induction to regulate the early stage autophagosome formation. This complex also works downstream of mammalian target of rapamycin (mTOR) and serves as the cellular sensor for nutrient status to initiate autophagy by recruiting downstream autophagy proteins to the autophagosomes. During starvation or rapamycin treatment, mTOR is suppressed, which leads to the dephosphorylation of ULK1. ULK1 is a serine/threonine protein kinase and dephosphorylated ULK1 is actually enzymatically active, leading to phosphorylation of Atg13 and FIP200. 15 The kinase activity of ULK1 is thought to be important for the recruitment of other downstream Atg proteins such as Atg16L and the subsequent autophagosome formation. 16 Atg6 and its mammalian homolog, Beclin 1, are important for the initiation and regulation of autophagy. 17 Beclin 1/ Atg6 forms a complex with VPS34, VPS15 and Atg14. VPS34 is a class III PI-3-kinase that acts as an essential regulator of autophagy by producing phosphatidylinositol-3phosphate (PI-3-P). The VPS34 activity is regulated by the Beclin 1/Atg6 complex. Bcl-2 and Bcl-xL interact with Beclin1 to keep autophagy in check by dissociating the interaction of Beclin 1 and VPS34. Beclin 1 also binds to several other proteins that induce autophagy including ambra-1 18 and UVRAG. 19 Bif-1/endophilin B1 interacts with Beclin 1 via UVRAG acting as a regulator on the Atg6 -VPS34 complex. 20 Rubicon (Run domain protein as Beclin 1 interacting and cysteine-rich containing) interacts with VPS34 and acts as a negative regulator of autophagy. 21, 22 3-Methyladenine (3MA), a widely used autophagy inhibitor, inhibits class III PI-3-kinase, and in turn inhibits autophagosome formation. 23 Atg9 is the sole transmembrane protein among the core autophagy machinery proteins that is conserved in all species. 24 It has six proposed transmembrane domains with its carboxyl termini exposed in the cytosol. 25 There are two functional orthologs of Atg9 in mammalian cells: Atg9L1 and Atg9L2. Atg9L1 is ubiquitously expressed, whereas Atg9L2 is only expressed in the placenta and pituitary gland. 26 Atg9 knockout mice die immediately after birth, similar to other autophagy machinery protein knockout mice such as Atg3, Atg5, Atg7 and Atg16. 27 In yeast, Atg9 interacts with Atg11 and Atg17, and this interaction is required for regulating the cytoplasm-to-vacuole pathway and autophagy. 28 Atg9 is localized on the phagophore assembly site (PAS) and interacts with Atg18, a PI3-P binding protein, and a peripheral membrane protein, Atg2. Atg9 is proposed to cycle between the trans-Golgi network, late endosomes and the PAS to bring in the additional membrane sources necessary for the growth of the autophagosomal membranes, depending on the cellular nutrient status. 24, 25 The core autophagy machinery is then built around two ubiquitin-like conjugation systems to regulate the elongation of the preautophagosome structures. 29 In one system, the ubiquitin-like protein, Atg12, is first activated by Atg7, an ubiquitin-activating enzyme (E1)-like protein. The activated Atg12 is then transferred by Atg10, an ubiquitin carrier (E2)-like protein, to Atg5 where a covalent bond is formed. The Atg12 -Atg5 complex interacts with Atg16 to form a multimer complex, which is localized to the early autophagosome membrane. The Atg12 -Atg5 -Atg16 complex appears to provide the necessary platform for autophagy activation. In the other system, a ubiquitin-like protein, Atg8, or one of its mammalian orthologs, the LC3, is first cleaved by Atg4 to expose the conserved Gly 120 at its C-terminus. Atg8/LC3 is then conjugated to phosphatidylethanolamine (PE), also via Atg7, and Atg3, another ubiquitin carrier (E2)-like protein. 29, 30 The unconjugated form of Atg8/LC3 (called LC3-I) is in the cytosol, whereas the conjugated form (called LC3-II) targets the autophagosomal membrane following the Atg12 -Atg5-Atg16 complex. This association of Atg8/LC3-PE to the autophagosomes is considered important for the membrane extension of the autophagosome and the eventual closure of the membrane to form a complete vesicle. Atg8/LC3 is thus widely used as a marker for monitoring the autophagy process.
In mammalian cells, the newly formed autophagsomes are randomly distributed in the cytoplasm. 31 During their maturation, autophagosomes move along the microtubules toward the microtubule organizing center, where the lysosomes are enriched. The autophagosomes then fuse with lysosomes to form autolysomes possibly through the small GTPase Rab7 and/or two lysosomal membrane proteins, Lamp1/2A. 32 -34 Chemicals that disrupt the microtubule structures such as vinblastine can inhibit autophagy. 35 In addition to disruption of the fusion machinery, chemicals that increase lysosomal pH such as chloroquine and bafilomycin A 1 or lysosomal protease inhibitors such as leupeptin, pepstatin A and E64D, are all potent autophagy inhibitors. 7, 31 Signaling pathways regulating mammalian autophagy Class I PI3K-Akt-mTOR Several signaling pathways appear to be involved in the regulation of autophagy in mammalian cells. Among them, the inhibition of the mTOR has been identified as a key signaling pathway for the regulation of autophagy induction. 36, 37 Using isolated rat hepatocytes, it was first discovered by Meijer and co-workers 38 that rapamycin, a mTOR inhibitor, significantly activates autophagy. In addition to regulating autophagy, it should be noted that the serine/threonine kinase mTOR also controls many aspects of cellular physiology, including transcription, translation, cell size and cytoskeletal organization. mTOR exists in two heteromeric complexes, mTOR1 and mTOR2. However, mTOR1, which is rapamycin sensitive, plays a major role in the regulation of autophagy and cell growth. The activity of mTOR1 is regulated by the integration of various signals, including growth factors, insulin, nutrients, energy availability and cellular stressors such as hypoxia, osmotic stress, reactive oxygen species (ROS) and viral infection. In response to growth factors, class-I phosphatidylinosital-3 kinase (PI3K) catalyzes the production of phosphatidylinosital-3 phosphate leading to the activation of PI3K-protein kinase B (also known as Akt). Akt further activates mTOR through the tuberous sclerosis complex (TSC). There are two TSC genes (TSC1 and TSC2), which form a functional complex to negatively regulate mTOR. 39 TSC1 functions to stabilize the complex. TSC2 exerts GTPase-activating protein (GAP) activity towards downstream effectors such as Rheb protein, a small GTPase. TSC2 can accelerate the intrinsic rate of GTP hydrolysis of Rheb, converting Rheb from the GTP-bound (active) to the GDP-bound (inactive) form, which in turn inhibits mTOR. 40 Akt phosphorylates TSC2 to disrupt its complex with TSC1 and thus activates mTOR. In contrast to mTOR1, mTOR2 was originally thought to mainly regulate cellular polarization and cytoskeletal reorganization. 41 However, recent evidence suggests that mTOR2 may also negatively regulate autophagy because the full activation of Akt requires mTOR2. In starved mouse skeletal muscle, inhibition of mTOR2 leads to autophagy induction which is mediated by forkhead box O (FoxO3) transcription factor, a downstream target negatively regulated by Akt. 42 Although mTOR plays a central role in regulating autophagy in mammalian cells, autophagy can also be activated in mTOR-independent pathways. Drugs such as lithium, carbamazepine and valproic acid reduce intracellular inositol and inositol 1,4,5-trisphosphate (IP 3 ) levels, and induce autophagy independent of mTOR activity. 43 In addition, calpain inhibitors and L-type Ca 2þ channel agonists, as well as certain chemicals, decrease intracellular cAMP; all of them have been shown to induce autophagy independent of mTOR ( Figure 2 ). 44 
AMP-activated protein kinase
The role of another upstream mTOR regulator, the AMP-activated protein kinase (AMPK), is still controversial (4) the Atg5-Atg12 -Atg16 and LC3 conjugation systems regulate the elongation of autophagosome membranes. Phosphatidylethanolamine (PE)-conjugated LC3 (called LC3-II) remains on the isolation membranes and autophagosome membranes, whereas the Atg12 -Atg5 -Atg16 complex transiently associates with the isolation membranes and dissociates from the autophagosome membranes. Once autophagosomes fuse with lysosomes to form autolysosomes, the inner membrane LC3-II is degraded by lysosomal enzymes whereas the outer membrane LC3-II is de-conjugated and recycled by Atg4. Pharmacological autophagy inhibitors such as 3-methyladenine (3-MA) and chloroquine are also highlighted. For more details, see the text (A color version of this figure is available in the online journal) in autophagy activation. A high AMP/ATP ratio reflects low-energy status, which can be monitored by AMPK. Under such energy-stress conditions, AMPK is activated by direct AMP binding. The active form of AMPK then phosphorylates TSC2 and stimulates TSC2 GAP activity toward Rheb. Subsequently, mTOR activity is downregulated, leading to the dephosphorylation of p70 ribosomal S6 kinase ( p70S6K) and eukaryote initiation factor 4E binding protein 1, two downstream substrates of mTOR, resulting in the inhibition of protein translation and activation of autophagy. 45 Indeed, inhibition of AMPK activity by transfection with a dominant-negative form of AMPK almost completely inhibited autophagy in hepatocytes, HT-29 cells and Hela cells. 46 In contrast, Seglen et al. reported that adenosine analog adenosine,5-amino-4imidazole carboxamide riboside (AICAR), an AMPK activator, suppresses autophagy in hepatocytes. 47 Furthermore, compound C, an AMPK inhibitor, induces autophagy in cancer cells by AMPK-independent downregulation of Akt/mTOR pathway. 48 Further studies are needed to clarify these controversial findings. One possibility is that the pharmacological inhibitors or activators of AMPK may have off-target effects. To further clarify the role of AMPK in autophagy, it will be more helpful using genetic models in the future (Figure 2 ).
Bcl-2 family proteins
In addition to regulating cell death, Bcl-2 family proteins play a dual role in autophagy regulation. Antiapoptotic proteins, such as Bcl-2, Bcl-xL and Mcl-1, can suppress autophagy by directly binding to Beclin 1. 49, 50 The binding of Bcl-2 to Beclin 1 dissociates the Beclin 1 -VPS34 complex, which decreases VPS34 kinase activity and thereby inhibits autophagy. Interestingly, it should be noted that only the endoplasmic reticulum-Bcl-2 protein suppresses autophagy. 49, 51 Accumulating evidence supports that the endoplasmic reticulum (ER) membrane could be the membrane source for the initiation of autophagosome formation. Small cradle structures which are PI-3-P-enriched subdomains of the ER (omegasomes) have been shown to be related to the initiation of autophagosome formation. 52, 53 Moreover, NAF-1 (nutrientdeprivation autophagy factor-1), an ER membrane protein, has been reported to interact with Bcl-2 on the ER to functionally antagonize Beclin 1-dependent autophagy. 51 In addition to binding with Beclin 1, Bcl-2 and Bcl-xL may also negatively regulate the autophagic response by controlling the ER calcium homeostasis. 54, 55 In contrast to antiapoptotic Bcl-2 family proteins, proapoptotic BH3-only proteins such as Bnip3, Bnip3L/Nix, Bad, Bik, Noxa, Puma and Bim can induce autophagy Figure 2 Molecular signaling pathways regulating autophagy. Autophagy in mammalian cells can be activated by various stimuli. Although the suppression of the mammalian target of rapamycin (mTOR) is a major signaling pathway regulating autophagy, autophagy can also be activated independent of mTOR by various stimuli. Two major pathways that regulate mTOR in mammalian cells are the PI3K -Akt and AMP-activated protein kinase (AMPK) pathways. The PI3K-Akt pathway is triggered by the binding of insulin growth factors (IGF or other growth factors) to its receptor, thereby activating phosphatidylinosital-3 kinase (PI3K). Activated PI3K converts PIP2 to PIP3 to activate Akt. Akt then phosphorylates and inactivates the TSC1/TSC2 complex resulting in activation of Rheb and mTOR. AMPK is normally activated by its upstream kinase LKB-1 or by an increased intracellular ratio of AMP/ATP. AMPK can be suppressed by chemical inhibitors such as compound C. Active AMPK then directly phosphorylates TSC2 and inhibits mTOR to activate autophagy. mTOR also phosphorylates two downstream targets 4EBP1 and p70S6K that control protein translation. TSC, tuberous sclerosis complex (A color version of this figure is available in the online journal) through their binding to Bcl-2 and subsequent displacement of the inhibitory Bcl-2 from the Beclin 1 complex. We recently found that Nix also promotes autophagy by inducing mitochondria depolarization and ROS production. 56 Moreover, Nix also plays an important role in the specific mitochondrial autophagy (mitophagy) during the maturation of erythroid cells. 57, 58 Unlike the BH3-only proteins, Bax and Bak contain three BH domains (BH1 -BH3). Bax is normally located in the cytosol of healthy cells, whereas Bak resides in the outer membrane of mitochondria. Either of the two proapoptotic multidomain proteins is required for the mitochondria membrane permeabilization leading to the release of mitochondrial apoptotic factors, and in turn resulting in the activation of caspases to trigger apoptosis. 59 Because Bax has a BH3 domain and also interacts with Bcl-2, one would imagine that Bax may also activate autophagy by competitively binding to and disrupting Bcl-2 -Beclin-1 complex like other BH3-domain Bcl-2 family proteins. However, autophagy is induced by etoposide in Bax/Bak double knockout mouse embryonic fibroblasts and by ER stress inducers in Bax-deficient HCT116 cells, 60, 61 suggesting that Bax and Bak could be dispensable for autophagy induction. More interestingly, a recent study found that Bax may actually inhibit autophagy because overexpression and activation of Bax leads to caspase-mediated Beclin-1 cleavage resulting in the inhibition of Beclin-1 complex. 62 In general, it seems that antiapoptotic Bcl-2 family proteins inhibit autophagy whereas proapoptotic BH3-only Bcl-2 family proteins promote autophagy.
ER stress
ER is a complicated intracellular membranous structure with the major function being the synthesis of macromolecules, proper folding of newly synthesized proteins and the post-translational modifications of proteins. 63, 64 Misfolded proteins due to either genetic mutations or ER dysfunction could be therefore accumulated within the ER. Normally, the degradation of these abnormal proteins is mainly through the ER-associated degradation pathway mediated by the ubiquitin proteasome system. 63, 64 ER stress can be caused by agents such as A23187 (a calcium ionophore), thapsigargin (an inhibitor of the sarcoplasmic/endoplasmic Ca 2þ -ATPase resulting in ER Ca 2þ depletion), tunicamycin which blocks N-linked protein glycosylation or brefeldin A which inhibits the transportation of ER vesicles to the Golgi apparatus. 65 The increase of misfolded/unfolded proteins can also lead to ER stress, which initiates cellular protective mechanisms against the stress. The major protective and compensatory mechanism for ER function during ER stress is the so-called unfolded protein response (UPR). 63, 64 Mammalian cells have developed a complicated UPR, involving at least three different pathways, the ATF6 pathway, the PERK-eif-2a pathway and the IRE1-XBP1 pathway. 63 -65 All are initiated by the reduction of an ER-lumen chaperone-like protein, Bip/ GRP78, which is consumed by the unfolded/misfolded proteins. We recently found that inhibition of proteasome activity, another intracellular degradation pathway, can also trigger ER stress and subsequent autophagy. 66 ER stress induces autophagy through the activation of IRE1 and c-Jun N-terminal protein kinase (JNK). 66 -68 JNK may further phosphorylate Bcl-2 to dissociate its binding to Beclin 1 and in turn activates autophagy. 69 ER stress-induced autophagy can help relieve ER stress and protect ER stress-induced cell death by removing misfolded proteins. 61, 66 
ROS and autophagy
Accumulating evidence now supports that ROS induce autophagy. In mammalian cells, one of the major sources of ROS is the mitochondrial electron transport chain, where about 1-3% of the oxygen used by mitochondria is converted to ROS. 70 Indeed, mitochondrial electron transport chain inhibitors such as rotenone (complex I inhibitor) or thenoyl trifluoroacetone (complex II inhibitor) induces autophagy. 71, 72 We also found that carbonyl cyanide m-chlorophenylhydrazone (CCCP), an uncoupler of mitochondria, also induces autophagy in various mammalian cell lines. More importantly, CCCP-induced autophagy can be almost completely suppressed by the antioxidant, N-acetylcysteine. 56 Starvation, a well-documented autophagy inducer, increases ROS level and treatment with antioxidants inhibits starvation-induced autophagy. 73 It is still not clear how ROS activates autophagy in mammalian cells. One of the possible mechanisms is that ROS may induce autophagy by modulating the action of Atg4B on LC3. Atg4B is a cysteine protease, which not only cleaves the full-length LC3 to generate the LC3-I but also delipidates LC3-II from the autophagosomal outer membrane to allow the recycling of LC3. It has been reported that ROS modulates Atg4B activity by directly oxidizing a specific cysteine residue, Cys81 on Atg4B. 73 It has been suggested that the inactivation of Atg4B by ROS allows LC3 to lipidate and thereby initiate autophagy. In addition, ROS may increase the protein level of Beclin 1 to promote autophagy, 74 although it is not known whether ROS promotes the gene expression or the post-translational modification of Beclin 1.
Ethanol consumption and the activation of autophagy
As one of the most active organs, the liver plays a central role in regulating the overall organism energy balance by controlling carbohydrate and lipid metabolism. The liver functions as a major buffering system to maintain the homeostasis of macro-and micronutrients to allow other tissues to function normally under physiological stress. 75 Liver-targeted autophagy deficiency (Atg7 knockout) results in accumulation of ubiquitin-positive protein aggregates, damaged mitochondria, steatosis and liver injury. 76 These findings support a prosurvival role of autophagy in maintaining protein, lipid and organelle quality control by eliminating damaged proteins and organelles as well as excessive lipid droplets in the liver during stress. In addition, accumulating evidence now indicates that autophagy is also involved in hepatocyte cell death, steatohepatitis, hepatitis virus infection and hepatocellular carcinoma. 77 -79 ALD is a major cause of death in the USA. The characteristics of ALD are fatty liver, inflammation, fibrosis and cirrhosis. Alcohol abuse and alcoholism account for approximately 50% of all death induced by liver cirrhosis. Besides cirrhosis, ALD can progress to hepatocellular carcinoma. Although many treatments are being used to ameliorate alcoholic hepatitis, few are successful. It is estimated that 28% of the adult population has a high-risk drinking pattern, such as binge drinking. However, less attention has been paid to acute alcoholic liver injury, especially by binge alcohol drinking, even though binge drinking is more common than chronic alcoholism, especially among young people. 80 Alcohol binge drinking can result in mitochondrial damage, inhibition of insulin signaling, steatosis, apoptotic and necrotic cell death, all of which can be regulated by autophagy. Indeed, we recently found that ethanol treatment induces autophagy in primary cultured mouse hepatocytes and in hepatoma cells expressing alcohol dehydrogenase (ADH) and cytochrome P450 2E1 (Cyp2E1), as well as in acute alcohol binge-treated mouse liver. 81 The induction of autophagy was demonstrated by increased number of GFP-LC3-positive autophagosomes and autophagic flux. As we discussed above, upon autophagy activation, LC3 is processed and conjugated with PE, and the PE-conjugated form of LC3 (LC3-II) translocates to the autophagosomal membrane. In non-treated hepatocytes, most GFP-LC3 signals display a diffuse pattern because unconjugated GFP-LC3 is found only in the cytosol (Figure 3a) . In contrast, there is an increase in the number of GFP-LC3 puncta structures, which represent the membrane-targeted PEconjugated GFP-LC3 (Figure 3b ). We further confirmed that there was an increased autophagosome number in ethanoltreated hepatocytes by electron microscopy (Figure 3d ). Interestingly, we found that ethanol-induced autophagy seems to selectively target damaged mitochondria and accumulated lipid droplets but not long-lived proteins. Ethanol-induced GFP-LC3-positive autophagosomes specifically envelop mitochondria (Figure 4a ) and lipid droplets (Figure 4b ). The selective mitophagy (autophagy for mitochondria) and lipophagy (autophagy for lipid droplets) induced by acute ethanol treatment appears to play a role in attenuating ethanol-induced liver injury, because damaged mitochondria and steatosis are two well-known key changes in the liver after alcohol binge drinking. 82, 83 Indeed, we found that suppression of autophagy with pharmacological inhibitors or small interference RNA for Atg7 increased mitochondria-mediated apoptosis, steatosis and liver injury. In contrast, induction of autophagy by rapamycin reduced ethanol-induced steatosis and liver injury associated with acute ethanol exposure. 81 In accordance with our findings, several recent studies also found that ethanol induces autophagy in human hepatoma cells that express ethanol metabolism enzymes and in chronic ethanol-fed mouse liver. 84, 85 The finding that ethanol induces autophagy as a protective mechanism is important because it is known that only about 25% of excessive alcohol drinkers develop ALD. It is also generally known that ethanol-induced cell death in vivo is mild, resulting in a modest increase of blood alanine aminotransferase (ALT) in either acute or chronic ethanol-treated animals.
How is it possible that alcoholism induces liver injury and even death due to alcoholic liver cirrhosis if alcohol-induced autophagy plays a protective role? Increasing evidence now supports the notion that autophagy and apoptosis mutually regulate each other. 86 Autophagy not only provides nutrients for the cell survival during starvation but also selectively removes damaged organelles including damaged mitochondria. 87 Mitochondria are the central executioners for apoptosis and many times damaged mitochondria trigger cell death. Many apoptotic stimuli induce apoptosis and also induce autophagy at the same time, indicating that the cell's fate is decided by the balance of autophagy versus the accumulation of damaged mitochondria. If damaged mitochondria are limited to a fraction of mitochondria within the capacity of autophagic removal, cell death will be avoided. Nevertheless, cells may eventually die if the number of damaged mitochondria is too overwhelming to be removed by autophagy. Thus, autophagy may increase the threshold for the death stimuli. Accumulating evidence demonstrates that pharmacologic or genetic inhibition of autophagy greatly enhanced cell death. 61, 66, 88 Our previous studies also clearly indicate that suppression of autophagy exacerbates alcohol-induced liver injury. 81 Therefore, cell death may still occur even in the presence of autophagy induction if the death signals are too strong. Furthermore, cell death can be significantly increased in the absence of the protection of autophagy. This notion is particularly important, because many alcoholic patients have other pathophysiological conditions that may impair autophagy such as diabetes, 
Mechanisms of ethanol-induced autophagy
Several mechanisms have been identified to contribute to acute ethanol-induced autophagy, including ROS production, ethanol metabolism and the suppression of mTOR. 81 Ethanol-induced ROS production is mainly derived from its metabolism and the induction of cytochrome P450 2E1 (Cyp2E1), as well as damaged mitochondria. We found that ethanol-induced ROS production is required for autophagy induction because antioxidants suppress ethanol-induced autophagy. 81 As we discussed above, ROS can also activate autophagy by the inactivation of Atg4B. However, whether ethanol-induced ROS also inactivate Atg4B to promote autophagy in hepatocytes remains unknown. The metabolism of ethanol also seems to play a critical role in ethanol-induced autophagy based on two observations. First, ethanol-induced autophagy is blocked by 4-methyl-pyrazole, an inhibitor of ethanol oxidation by inhibiting ADH and Cyp2E1. Second, ethanol only induces autophagy in HepG2 cells that are expressing ADH and Cy2E1 but not in normal HepG2 cells that lack the ability to metabolize ethanol. 81 In addition to ROS and ethanol metabolism, suppression of Akt and mTOR could be another mechanism by which ethanol induces autophagy. Indeed, both acute and chronic ethanol treatment suppress Akt in vitro and in mouse liver, through the upregulation of the PTEN ( phosphatase and tensin homolog) phosphatase. 92, 93 PTEN is a tumor suppressor gene. We also reported that ethanol induces suppression of mTOR in primary cultured mouse hepatocytes and in acute alcohol-treated mouse liver, which is mediated by ROS production 81 and decreased Akt phosphorylation (Ding et al., unpublished observation) . Suppression of mTOR leads to the activation of the downstream ULK1 complex to trigger autophagy. It remains to be seen whether alcohol would affect the ULK1 complex. In addition to mTOR, ethanol-induced autophagy also requires the activation of Beclin 1/VPS34 PI-3 kinase complex because 3MA, a PI-3 kinase inhibitor, suppresses acute ethanol-induced autophagy. 81 Furthermore, ethanol has been shown to suppress proteasome activity, induce ER stress and activate JNK in hepatocytes, and all of these mechanisms have been shown to induce autophagy in nonhepatocyte models. 66,69,94 -96 Whether proteasome inhibition, ER stress and JNK activation play a role in ethanol-induced autophagy in hepatocytes needs to be further studied.
It has been speculated that ethanol may inhibit autophagy because chronic ethanol consumption reduces AMPK activity in the liver. 97 However, as we discussed above, the role of AMPK in autophagy is still controversial, and inhibition of AMPK can also induce autophagy. 98 In addition, AMPK induces autophagy mainly by inhibiting mTOR. Because mTOR is activated by Akt, the status of mTOR in ethanoltreated hepatocytes relies on the extent of impaired Akt and AMPK by ethanol. The finding that acute ethanol suppresses mTOR suggests that impaired Akt could play a more dominant role than impaired AMPK in ethanol-induced autophagy in hepatocytes. 79 Therefore, it is possible that activation of AMPK, such as by treating the animals with AMPK agonists, may further enhance ethanol-induced autophagy by maximally inhibiting mTOR. It has been reported that several AMPK agonists such as AICAR and metformin significantly protect against ethanol-induced liver injury in animal models. 99, 100 However, it remains to be determined whether these protective effects are also associated with the induction of autophagy in these models.
It should also be noted that although a variety of criteria for assessing autophagy indicate that acute ethanol conditions lead to autophagy induction in hepatocytes and in mouse liver, the evidence to support such an induction in the chronic alcohol consumption model is relatively scarce. Data from two abstracts presented at The Liver Meeting in 2010 suggested that autophagy may be elevated in the mouse liver when they were fed with a Lieber-DeCarli diet for four weeks. 84, 85 However, it is not clear whether autophagic flux assays were conducted in these studies. Therefore, the relevance of autophagy in chronic alcohol consumption still needs to be determined. Finally, it would be interesting to see whether autophagy would also be altered in ALD patients. The Liver Center at the University of Kansas Medical Center has collected more than 100 human liver specimens. We are currently planning to examine autophagy in some of the specimens from alcoholic patients.
Potential therapeutic approaches to treat ALD by modulating autophagy
It has been well recognized that ALD is a major cause of morbidity and mortality in the world. However, there are few other successful treatments for ALD in addition to abstinence from drinking. While it is difficult to develop an effective treatment for chronic alcohol exposure associated liver pathogenesis, it would be more applicable for developing treatments for hospitalized patients with acute alcohol intoxication associated liver injury.
One of the early features of ALD is fatty liver due to the accumulation of lipid droplets. Alcoholic fatty liver has been thought to be a benign condition; however, recent evidence suggests that it is a potentially pathological condition that can progress to steatohepatitis, fibrosis, cirrhosis and even hepatocelluar carcinoma, in particular, if coexisting with other factors such as hepatitis virus infection, diabetes and the use of cigarettes. 101 Moreover, increased oxidative stress resulting from ethanol metabolism in the liver can damage mitochondria and induce cell death, leading to the elevation of serum ALT levels. 101 Autophagy regulates lipid and mitochondria homoeostasis, and therefore it is a very attractive therapeutic approach for treating ALD. Indeed, rapamycin, a widely used immunosuppressor in clinical transplant patients, 102 has been shown to improve alcohol-induced liver pathogenesis by inducing autophagy through its inhibition of mTOR. Using an acute ethanol binge mouse model, we recently found that rapamycin treatment significantly decreased the number of ethanol-induced lipid droplets and total hepatic triglyceride levels. 81 This is most likely due to the enhanced autophagy in the mouse liver because rapamycin further increased the number of ethanol-induced autophagosomes. It is well known that alcohol abuse can cause protein aggregates in the liver called Mallory-Denk bodies (MDB). These cytosolic inclusion bodies are enriched with cytokeratin 8 and 18, and in association with other proteins including ubiquitin and p62. Keratin 8-overexpressing transgenic mice are predisposed to MDB formation. Interestingly, treatment with rapamycin decreased the number of MDB in these mice significantly. 103 In another classical protein aggregatesinduced liver injury model, a1-antitrypsin deficiency, carbamazepine (CBZ) decreased the hepatic load of a1-antitrypsin mutant proteins as well as hepatic fibrosis by inducing autophagy. 104 In contrast to rapamycin, CBZ induces autophagy in the liver independent of mTOR, suggesting that various autophagy pathways could be targeted to treat liver diseases by inducing autophagy. Several high-throughput screenings for autophagy inducers have been conducted recently, which have identified several potential therapeutic compounds. 105 -107 It would be of great interest to determine the therapeutic effects of these newly identified agents on ALD through the modulating of autophagy.
Conclusions
Recent studies have indicated that alcohol may activate autophagy as a protective mechanism against alcoholic liver injury by selectively removing damaged mitochondria and hepatic lipid droplets. Alcohol-induced autophagy requires alcohol metabolism and production of ROS. In addition, alcohol may also induce autophagy by impairing the Akt -mTOR pathway. Alcohol-induced proteasome inhibition and ER stress, as well as AMPK-and mTOR-independent pathways, could also be involved in alcohol-induced autophagy in the liver. Modulating autophagy could provide novel therapeutic approaches for treating ALD ( Figure 5 ). 
